Discrete injuries in the lower cervical spine facet joints have been reported in studies of motor vehicle crash victims. We conducted a detailed investigation of these joints from 20 motor vehicle crash fatalities and 22 decedents due to nontraumatic causes, using conventional radiology, computed tomography, and magnetic resonance imaging to examine whether the diagnostic imaging procedures could identify injuries in the facet joints. The diagnostic imaging procedures identified facet joint fractures in 4 of the 19 trauma cases with computed tomography having the highest sensitivity and obtaining good correlation with findings from the microscopical evaluation. No diagnostic imaging procedure could reliably evaluate the integrity of the synovial folds or the joint spaces for bleeding despite microscopical evidence of such findings in these structures in a large proportion of the motor vehicle crash fatalities. This study emphasizes the need for scientific evidence of validity and reliability of advanced diagnostic imaging procedures in forensic settings, in particular, with regard to occult soft tissue lesions, and cautions uncritical use of negative results from these procedures until such evidence has been produced.
O ne of the primary functions of radiologic evaluation in forensic medical settings is to confirm the presence or absence of fractures in victims from assaults, and investigate road traffic crashes, child abuse cases, and other criminal or suspect cases. 1 With computed tomography (CT) and magnetic resonance imaging (MRI) procedures, more detailed analysis can be performed compared with previous methods such as conventional x-rays, and these procedures are being used increasingly in forensic settings around the world. [2] [3] [4] [5] Furthermore, diagnostic imaging findings, such as typical skull fractures, spinal, and extremity fractures can often be verified by localized incision of the lesion site. 2, 4 However, recent studies have suggested that discrete injuries in the spinal column may remain undetected on advanced diagnostic imaging only to be identified on microscopical examination. 6 -8 In a systematic review of studies examining the cervical spine at postmortem of road traffic crash fatalities, discrete injuries in the cervical spine, including intervertebral discs lesions, facet joint fractures and injuries to the joint capsules, synovial folds, and ligamentous structures, were common and many of the discrete injuries remained un-diagnosed on conventional radiologic examination, 7 which has been supported in subsequent studies. 9 -11 Hence, several studies have found that minor injuries are often not detected on conventional x-rays, but even CT an MRI have been found to miss discrete injuries. 4, 6, 8, [12] [13] [14] [15] [16] [17] [18] The highest frequency of injury to the cervical spine facet joints in postmortem studies has been reported to be in the lower cervical spine between C4 and C7. 19, 20 The purpose of this study was to investigate whether advanced diagnostic imaging procedures could detect facet joint fractures and injuries to the synovial folds in the lower cervical spine in a controlled group of postmortem individuals, using microscopical data as the gold standard.
MATERIALS AND METHODS
Twenty-motor vehicle crash fatalities (cases) and 22 nontraumatic decedents (controls) were included, consisting of 12 females (median age 40, range, 22-49 years) and 30 males (mean age 34.5, range, 20 -49 years). From the subjects the lower 4 cervical spine segments were removed and the facet joints were examined. Due to postmortem decomposition 2 subjects were withdrawn from statistical analysis. The material has been described in detail elsewhere. 21 The study was approved by the Scientific Ethics Committee.
All subjects were examined within 24 hours after autopsy, using conventional x-rays, CT, and MRI. Conventional x-ray examination was performed on an Arcosphere, Arcoma and consisted of the following projections; anteroposterior, lateral and bilateral articular pillar, and oblique views. The film to object distance was 1 meter, the consol setting of 50 Kv and 32 to 50 mA, and the use of high focus extremity cassettes ensured optimal quality of the images. CT was performed on a Phillips 4-slice MX8000 CT scanner. The examination was performed as spiral scanning of the total volume of the specimen, with a slice thickness of 1.3 mm, increments of 0.6, pitch 0.875, and 120 Kv and 250 mAs per slice, using a matrix of 512 ϫ 512. Axial, coronal, sagittal, and angled reconstructions were performed with bone and soft tissue algorithms. Magnetic resonance imaging was performed on a 1.5-T Signa scanner from General Electrics using a surface coil. Sagittal T1, T2, and STIR-sequences and axial T1, T2, and T2*gradient-sequences were performed of the facet joint structures. The majority of sequences were made with a thickness of 3 mm, spacing 0, and FOV 16 ϫ 16. The matrix was 512 ϫ 512 on the sagittal sequences and 256 ϫ 256 on the remaining.
In the first evaluation of radiologic images, 2 experienced neuroradiologists (obs1 and obs2) scored all the retrieved images dichotomously, independently, and blinded, with regard to general facet fractures and hemarthrosis/excess fluid in the facet joints. Before the first evaluation the observers received no training or coaching, hence the scoring of observations was based on routine clinical interpretation. During the second evaluation, the observers obtained consensus agreement with regard to the presence or absence of fractures on all imaging modalities, and hemarthrosis/ excess fluid in a facet joint on conventional x-ray and CT-scanning only. A third evaluation of the MR-images was performed by both observers independently and blinded with regard to the presence or absence of hemarthrosis/excess fluid in the facet joints only. Consensus was obtained by the observers, with the variable defined as a joint that on MRI showed focally increased signal, with signal differences between adjacent joints on any sequence or relatively increased signals in all joints.
Each specimen was prepared for microscopical evaluation according to previously published methods, [21] [22] [23] and the microscopical findings of the 10 m thick histologic sections have been described in detail elsewhere. 21, 24 The association of groups was tested with Fisher exact test (significance level was P Ͻ 0.05) and measurement of agreement between observers was tested with statistics. 25 All statistical analyses were performed using Stata 9 (StataCorp LP, College Station, TX).
RESULTS
The first evaluation was performed on images from the conventional x-ray examination, CT-scanning, and MRI ( Table 1) . On the conventional x-ray images, 1 subject with facet joint fracture was identified by both observers (1/19 cases) and 1 subject with facet joint fracture by 1 observer only (1/19 cases), with a simple agreement of 97.5% ( ϭ 0.66, 95% confidence interval: 0.37-0.95). On CT-scanning, 3 subjects with facet joint fractures (3/19 trauma cases) were identified by both observers and 2 subjects with facet joint fractures (1/19 cases and 1/21 controls) by 1 observer only, with an interobserver agreement of 95.0% ( ϭ 0.72, 95% confidence interval: 0.42-1.02). On MRI, 2 subjects with facet joint fractures were identified by both observers (2/19 cases) and 1 subject with facet joint fracture by 1 observer only (1/19 cases), with an interobserver agreement of 97.5% ( ϭ 0.79, 95% confidence interval: 0.49 -1.09). No blood or excess fluid in a joint could be determined on conventional x-ray. One subject (1/19 cases) was scored positive for bleeding or excess fluid in a facet joint on CT. On MRI, 3 subjects (2/19 cases and 1/21 controls) were scored positive for hemarthrosis/excess fluid in a joint by both observers, and 15 were scored positive by 1 observer (7/19 cases and 8/21 controls). The interobserver agreement on the presence of hemarthrosis/excess fluid in a facet joint on MRI was 62.5% ( ϭ 0.12, 95% confidence interval: Ϫ0.12 to 0.36).
Following the consensus agreement obtained during the second evaluation ( Table 1 ) the presence of fractures were agreed upon in 4 trauma cases (4/19) and no controls. CT was the only modality capable of identifying all 4 cases with facet fractures (Fig. 1) , where MRI identified 3 and conventional x-ray 1 case with facet fractures. Agreement between MRI and CT with regard to subjects with fractures was 97.5% ( ϭ 0.84, 95% confidence interval: 0.53-1.15), whereas the agreement between conventional x-ray and CT was 92.5% ( ϭ 0.38, 95% confidence interval: 0.13-0.62). Only on CT, there was statistically significant correlation between subjects with fractures and trauma (P ϭ 0.042, 2-sided Fisher exact test). On 
neither conventional x-ray nor CT was there any positive scoring for the presence of hemarthrosis/excess fluid in a joint. The third evaluation (Table 1) revealed hemarthrosis/excess fluid in a joint on MRI in 32 subjects (14/19 cases and 18/21 controls) by both observers, and 6 were scored positive by 1 observer (3/19 cases and 3/21 controls). The interobserver agreement of the presence of hemarthrosis/excess fluid in a facet joint on MRI after the third evaluation was 85.0% ( ϭ 0.31, 95% confidence interval: 0.00 -0.62). There was no statistically significant correlation between being a trauma case or control subject and hemarthrosis/excess fluid in a joint on the MRI. Consensus agreement with regard to bleeding on MRI was not obtained.
Microscopical evaluation of the 10 m thick sections revealed facet fractures in 4 subjects (4/19 cases) ( Fig. 2 ), 3 of whom were identified on neuroradiological evaluation and the remaining case with facet fracture only identified on histology. Among the 4 subjects with microscopical fractures, a total of 11 unique facet fractures were identified (Table 2 ). Furthermore, a fifth subject with a facet fracture identified on CT could not be confirmed on microscopy. The subject based analysis between the CT consensus findings and the microscopical findings regarding subjects with fractures resulted in 95% agreement ( ϭ 0.72, 95% confidence interval: 0.41-1.03) ( Table 3 ) and the correlation between the microscopical findings and CT consensus findings with regard to unique facet fractures was statistically significant (P Ͻ 0.001)( Tables 2 and 4 ). Bleeding in any joint space was present in 9 (9/19 cases) and 1 (1/21 controls) subjects, and simultaneous bleeding in both synovial folds at any 1 segment was present in 5 cases (5/19) and no controls.
DISCUSSION
In this postmortem diagnostic imaging study of the lower cervical spine facet joints, facet fractures were identified on diagnostic imaging in 4 of the trauma cases, with CT-scanning being the only imaging modality capable of identifying all these fractures and a statistically significant correlation between trauma and fractures. In comparison, microscopical evaluation confirmed 3 of the 4 facet fractures identified at CT and revealed another facet fracture not seen on diagnostic imaging. There was substantial agreement between the CT consensus findings and the microscopical findings with regard to facet fractures. Bleeding in the facet joints and the facet joint synovial folds could not be confirmed reliably on any diagnostic imaging procedure, despite microscopical evidence of bleeding in the facet joints.
Fractures of the lower cervical spine facet joints have been described in previous investigations of road traffic crash fatalities using diagnostic imaging and autopsy data. 6 -8,19,20,26 -28 In a postmortem study of 22 road traffic crash victims, only 1 fracture of a facet was identified on x-rays and confirmed microscopically. 19 Although, x-ray evaluation initially identified 4 facet fractures, these were all read false-positive because of the lack of microscopical confirmation, which was based on photographic documentation of the specimens at interval of approximately 1-mm thickness. In a study of 32 postmortem subjects, 2 subjects (2/15 motor vehicle crash fatalities) had suffered fractures to the lower cervical spine facet joints that could not be identified on conventional x-rays. 26 More recently, a study of 10 accident victims revealed 2 fractures identified on microscopical evaluation in the vicinity of the cervical facet joint (lamina fractures) that could not be detected on MRI or conventional x-rays, however no distinct fractures to the facets were identified. 6 Our study comprised 40 well described subjects (19 road traffic crash fatalities and 21 controls) that had been investigated in detail using techniques very similar to those used in these previous studies. However, we found an incidence rate of 4/19 subject with facet fractures on the histologic sections in the trauma group which is markedly higher than previously reported, with good agreement between the observations from CT and microscopy of the 10 m sections. Furthermore, we found a total of 11 unique facet fractures on microscopy, divided among these 4 subjects, of which 7 were not reported on the CT evaluation, and a fifth subject with potential fractures was identified on CT that could not be verified on micros-copy ( Table 2 ). This may suggest that the previous studies 6, 19, 26 of mixed trauma mechanisms (falls, sporting injuries, and different types of road traffic crashes, eg, motorcycle crashes and pedestrian injuries) have different outcomes with regard to the incidence rate of facet joint injuries because of differences in the mechanism of trauma, which may be very different from passenger car crashes. It also suggests that, when present, facet fractures are more often affecting several facets rather than solitary facets. None of these findings could be confidently confirmed on the stereomicroscopic evaluation of the 3-mm thick slices, because the results from this evaluation showed no correlation with trauma or the microscopical findings. 21 Hemarthrosis of the cervical spine facet joints have been described in postmortem studies of road traffic crash victims, using histologic and/or microtomal methods. 6 -8,19,20,26,27 In a study of 10 accident victims (unknown proportion of road traffic crash victims), hemarthrosis was reported in 10 joints on microscopical evaluation, with only 6 of the 10 joints with hemarthrosis identified on MRI, which was conducted retrospectively. 6 Besides this study, no other forensic diagnostic imaging studies have described this condition in detail. Our results support these finding, 6 in that the presence of hemarthrosis or bleeding in the synovial folds cannot reliably be established based on diagnostic imaging procedures, despite microscopical evidence of bleeding in 1 or more joints in almost half the trauma cases and simultaneous bleeding in the segmental synovial folds in a quarter of the trauma cases. 21 Numerous studies have been published investigating the contributions from MRI and CT in forensic settings, and it can be anticipated that the increasing use of these modalities gradually will replace the role of conventional x-rays in the screening of the deceased during autopsy. [2] [3] [4] 8 However, in the study of the cervical spine of road traffic crash fatalities, only few studies have used advanced diagnostic imaging procedures, 2, 6, 8, 27, 28 whereas a substantial number of studies have included conventional x-ray evaluation. 7 In a large postmortem study of 109 trauma fatalities, a substantial number of injuries were missed on conventional x-ray evaluation although the exact detection rate of facet joint fractures was not reported. 20 Except for 1 recent study, 6 the majority of previous postmortem studies examining the cervical spine have not attempted to confirm microscopical or x-ray findings with CT or MRI. 19, 20, 26 We found that only 1 of the 4 fractures identified on CT could be visualized on conventional x-ray evaluation, which suggests that the previous studies utilizing conventional x-rays only may have under-reported the true incidence of fractures that potentially could have been detected on advanced diagnostic imaging procedures. Similarly, our results supports other studies where CT has been shown to be the most reliable diagnostic imaging procedure with regard to detecting fractures of the cervical spine. 2,9 -11,18 Notwithstanding this fact, a recent postmortem forensic neuroimaging study reported that CT and MRI missed 2 (2/2) atlas C1 fractures, 2 fractures at axis C2 (2/4) on CT, and 3 fractures at axis C2 (3/4) on MRI, with the injuries being confirmed on autopsy. 2 With regard to soft tissue lesions in the facet joints, such as bleeding in the joint space and the synovial folds, we found, in accordance with other studies, that the presence and structural integrity of synovial folds of the lower cervical spine could not be determined reliably on neither conventional x-ray, CT, or MRI. 6, 8, 12, 29 Recently, however, the cervical spine facet joint folds have clearly been visualized on MRI, although this required a high energy-field 3.0 Tesla MRI unit, with long acquisition time, limited field of view and a small specimen size. 30 In our study, we used a 1.5-Tesla MRI unit; the protocols used did not allow adequate resolution, and the slight interobserver agreement is therefore probably more a consequence of technical limitations rather than academic. 2, 30 With increasing availability of high energy-field MR-scanners reliable evaluation of the structural integrity of the synovial folds and identification of The total number of unique facets is 16 per subject, except for one subject with a bloc vertebra with 12 facets (636 facets in total among the 40 subjects).
Correlation per unique facet fracture (Fisher exact test): risk ratio 60 (95% confidence interval: 24 to 152, P Ͻ 0.001).
SAP indicates superior articular process; IAP, inferior articular process. Imaging Occult Lesions in the Cervical Spine Facet Joints bleeding in the joint spaces and the synovial folds becomes increasingly possible. We found good indication for utilizing CT and to a certain extent MRI for the purpose of identifying fractures of postmortem cervical spine facet joints. However, we did not find support in our study for use of these modalities for the purpose of identifying bleeding in facet joints or synovial folds. There is a scarcity of publications addressing the reliability and validity of forensic diagnostic imaging evaluation. No previous publication have described the degree of inter-and intraobserver agreement nor the exact effect of training of observers with regard to scoring of forensic radiologic images, although recent comments in this regard have been proposed. 2 In comparison, a recent clinical study evaluated the reliability of in vivo CT-scanning, in which a clinical classification system for lower cervical spine injuries based on conventional radiology and CT-scanning was proposed based on excellent intra-and interobserver agreement. 31 We found substantial interobserver agreement with regard to facet fractures, however the interobserver agreement of the MRI evaluation regarding the presence of hemarthrosis/excess fluid in a facet joint was slight despite the training of the observers with regard to scoring this variable. Actually, the training towards scoring the facet joints on MRI with regard to hemarthrosis/excess fluid in a joint caused a significant increase in the number of joints positive for this variable which had no correlation to cases or controls, suggesting either improper definition of the variable or clinically irrelevant structural changes in these joints at postmortem. Histologic procedures have the advantages of allowing microscopical evaluation of relevant sections as well as increasing sensitivity by adequate staining procedures. However, similar to previous studies, 6, 20, 26 the sensitivity towards identifying very discrete fractures could be limited by the section thickness, which was 3-mm in our study. Linear lesions, parallel with the parasagittal line of sectioning, and lesions smaller than 3 mm could potentially remain undetected on the microscopical examination. 21 Furthermore, the long fixation time in alcohol and the embedding of the un-decalcified specimens in methylmethacrylate caused the erythrocytes to appear less vividly on the consequent un-deplastified staining. This may explain why some fractures were difficult to identify on microscopical evaluation. By reducing the section thickness more injuries would be detectable on microscopical examination. Likewise, increasing the technical specifications of the radiographic equipment and improving the radiologists knowledge of postmortem anatomic changes should improve the sensitivity of these procedures. 2 Advanced diagnostic imaging procedures, in particular CT, did detect facet joint fractures in a substantial proportion of the lower cervical spine facet joints of postmortem individuals killed in a motor vehicle crash and showed good correlation with findings from microscopical evaluation. The findings confirm that discrete osseous injuries are common in the facet joints after fatal road traffic crashes, and that not all discrete facet fractures are identified on diagnostic imaging procedures. Furthermore, bleeding in the cervical facet joints and synovial folds could not be determined reliably on any diagnostic imaging modality although microscopical evaluation revealed bleeding in a large proportion of the facet joints and synovial folds of the motor vehicle crash fatalities. This study emphasizes the need for scientific evidence of validity and reliability of advanced diagnostic imaging procedures in forensic settings, in particular with regard to nonfatal soft tissue lesions, and until such evidence has been produced these procedures must be considered adjunct techniques to the postmortem autopsy.
